High-grade gliomas release excitotoxic concentrations of glutamate, which has been shown to enhance tumor proliferation and migration. a-Amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) glutamate receptors are abundantly expressed at the invading edge of glioblastoma specimens, suggesting they may play an important biologic role in tumor invasion. In this study, we examined potential mechanisms by which AMPA receptor (AMPAR) expression and stimulation promote glioma cell migration and invasion. Overexpression of GluR1, the most abundant AMPAR subunit in gliomas, positively correlated with glioma cell adhesion to type I and type IV collagen, which was decreased in cells with knockdown of GluR1 and with blocking antibodies to b1 integrin. Furthermore, stimulation of the AMPAR led to detachment of cells from the extracellular matrix (ECM). Immunoprecipitation studies showed that GluR1 associated with the actin cytoskeleton-linked protein band 4.1B (brain type), which may serve as a link between GluR1 and integrins. Overexpression of GluR1 correlated with increased cell-surface expression of b1 integrin, increased phosphorylation of focal adhesion kinase (FAK-Y397), and enhanced numbers of focal adhesion (FA) complexes. Cells overexpressing GluR1 had increased colocalization of actin and paxillin at FAs and, in several glioma cell lines, significantly increased invasion in an in vitro Matrigel transwell assay. Likewise, in an intracranial xenograft model, overexpression of GluR1 led to perivascular and subependymal glioma cell invasion similar to patterns of tumor dissemination AMPA receptors promote perivascular glioma invasion via b1 integrin-dependent adhesion to the extracellular matrix Yuji Piao, Li Lu, and John de Groot described in human glioblastoma. Together, these results suggest that AMPARs may link signals from the ECM to sites of FA, where signal integration promotes tumor invasion. Neuro-Oncology 11, 260-273, 2009 (Posted to Neuro-Oncology [serial online], Doc. D08-00144, October 28, 2008 DOI: 10.1215 DOI: 10. /15228517-2008 Keywords: AMPA receptor, glioblastoma, glutamate, invasion, perivascular G lioblastomas are the most common type of diffusely infiltrating glioma in adults and are highly aggressive. Despite maximal therapy, glioblastoma tumors regrow rapidly, usually within 1-2 cm of the original tumor, which is a major limitation to current therapy. A prominent characteristic of glioblastomas is their ability to invade and infiltrate normal brain tissue, usually along blood vessels and white matter tracts. 1 Because the brain is highly vascular, glioblastoma cells can obtain their blood supply from preexisting vessels via a process termed cooption.
functional significance in glioma invasion. Collagen (integrin subunits a2b1), fibronectin (a5b1), laminin (a3b1), and vitronectin (avb3) receptors 6, 7 have been identified as potential mediators of invasion, with b1 integrin playing a central role because of its ability to bind to multiple subunits. 4 Integrins initiate multiple signal transduction cascades upon binding to ECM ligands, 8 including activation of cytoplasmic tyrosine kinases such as focal adhesion kinase (FAK), which has been implicated in glioma invasion. 9 In addition, cell detachment from the ECM is also highly regulated since a cycle of attachment and detachment of cells to their underlying ECM via integrins is considered essential for cell migration. 10 In this way, integrins may mediate a cascade of signaling events through both ligand binding and downstream signaling in response to cell-ECM interactions, thus promoting cellular movement. 11 Recent evidence supports the hypothesis that glioblastoma tumors release the neurotransmitter glutamate to enhance their highly malignant behavior. Astrocytic tumors release glutamate at high levels, 12, 13 which has been shown to enhance tumor proliferation 14, 15 and invasion. 16, 17 The a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) glutamate receptor (AMPAR) appears to play a pivotal role in mediating the biologic effects of glutamate in glioma. GluR1 and GluR4 AMPAR subunits, which are highly expressed in glioblastoma, 17 perform critical functions in glioma biology that enhance its malignant phenotype. AMPARs are calcium-permeable ion channels that may augment glioma invasion through regulation of glutamate-induced calcium oscillations. 18, 19 Thus, excess extracellular glutamate may impart a survival advantage to glioma cells by promoting their migration and invasion. 17, 18 Glioma cells may recapitulate the migration of progenitor cells that takes place during CNS development. Farin et al. 20 described a dynamic analysis of glioma cell migration along blood vessels when injected into rat forebrain slice cultures. These tumor cells closely resembled glial progenitors by demonstrating a unipolar morphology with a leading invasive edge. During CNS development, glutamate stimulates neuronal migration in the developing cerebellum 21 and enhances oligodendrocyte precursor cell migration via interactions with a proteolipid protein/avb3 integrin complex. 22 These observations led us to hypothesize that glutamate and the highly expressed AMPAR may activate glioma migration through interactions with the ECM.
Our study showed that overexpression of GluR1, the most abundant AMPAR subunit in human glioblastomas, enhanced focal adhesion (FA) complex formation, colocalization of actin and paxillin, and cellular polarization. We demonstrated a direct correlation between AMPAR expression and adhesion to the ECM component collagen mediated primarily via b1 inte grin. Furthermore, AMPAR stimulation increased tumor cell deadhesion, a feature known to be important for cell migration. 23, 24 AMPAR expression correlated with higher surface levels of b1 integrin. Cells overexpressing GluR1 had higher levels of activated FAK, and at baseline, glutamate stimulation resulted in increased Rac1 GTPase activity. Our immunoprecipitation studies showed that GluR1 may be linked to integrin receptors via the erythrocyte membrane (ERM) protein 4.1B. Finally, we showed that expression levels of AMPARs directly correlate with the level of glioma cell invasion both in vitro and in vivo. The animal studies demonstrated tumor migration far from the main tumor mass via perivascular and subpial invasion of the brain. Because collagen and other ECM components are abundant in endothelial basement membranes 25 and brain meninges, 26, 27 they may provide a substrate for glutamatemediated glioma migration.
Materials and Methods

Glioma Cell Lines and Culture Conditions
The human glioblastoma cell lines U87 and U251 were obtained from the American Type Tissue Culture Collection (Manassas, VA, USA). All cell lines were maintained in Dulbecco's modified Eagle's medium (GIBCO, Grand Island, NY, USA) supplemented with 10% fetal bovine serum and penicillin-streptomycin in a humidified incubator at 37°C containing 5% CO 2 .
Generation of Short Hairpin RNA Clones
Stable GluR1 short hairpin RNA (shRNA) and nonsilencing (scrambled) shRNA clones were generated as described previously. 28, 29 Briefly, shRNA constructs were expressed as human microRNA-30 primary transcripts. The GluR1 shRNA was cloned into the pSHAG-MAGIC2 retroviral vector, which had a murine stemcell virus backbone.
Retroviral Infections
Once the infection conditions were optimized, human embryonic kidney 293 cells stably expressing vesicular stomatitis virus-G were transfected with the retroviral vector and gag polymerase. At 48 and 72 h, retroviruscontaining medium was collected, filtered through a 0.2-mm filter, and added along with Polybrene (Sigma, St. Louis, MO, USA; 0.8 mg/ml) to U251 and U87 glioma cell lines in culture. At 72 h after infection, stable cell lines were generated by selection with the antibiotic puromycin (selectable marker in viral vector). Clones resistant to puromycin were isolated and assayed for mRNA expression levels using real-time TaqMan reverse transcriptase (RT) PCR and Western blot analysis. Results were compared to those for cells infected with vector expressing nonsilencing control shRNA.
Stable Transfection
The cDNA encoding full-length GluR1 (Origene, Rockville, MD, USA) was subcloned into pcDNA3.1 expression vector. U251 and U87 cells were transfected with GluR1 cDNA with Lipofectamine Plus (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's tion of GTP-bound Rac1 using binding domains of p21-activated kinase (PAK) as previously described. 30 Briefly, cell lysate was incubated with glutathione S-transferaseRac1 binding domain of PAK immobilized on glutathione-Sepharose beads (Pierce). An aliquot of each sample was reserved to determine total Rac1 expression levels. Following 1 h incubation at 4°C, the agarose beads were collected by centrifugation, the supernatant was discarded, and the agarose beads were washed three times with wash buffer. Bound proteins were solubilized by boiling in SDS sample buffer, resolved by SDS-PAGE, and subjected to immunoblot analysis using anti-Rac1 antibodies. Rac1 activity was quantitated using densitometry (ImageJ software).
Flow Cytometric Analysis
For the flow cytometric analysis, cell suspensions (2.5 3 10 5 cells) were first treated with FcR blocking reagent (Miltenyi Biotec, Auburn, CA, USA) to block nonspecific antibody binding. To measure expression of b1 integrins on the cell surface, we incubated cells with mouse antihuman integrin b1 (Chemicon, Temecula, CA, USA) at 4°C for 1 h; cells were then incubated with fluorescein isothiocyanate (FITC)-conjugated antimouse antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 15 min at room temperature. FITC-conjugated mouse immunoglobulin G 1 (IgG1; BD Biosciences, San Jose, CA, USA) was used as a negative control. Samples were analyzed using FACSCalibur flow cytometry (Becton Dickinson, San Jose, CA, USA).
Matrigel Transwell Migration Assay
Cell migration assays were performed on polycarbonate membrane inserts (8-mm pore size; Greiner Bio-One Inc., Longwood, FL, USA). Glioma cells were washed with PBS and serum-free medium twice prior to resuspension in fresh serum-free medium. We placed 2.5 3 10 5 cells in 250 ml serum-free medium over the inner chamber of Matrigel-coated inserts in a 24-well tissue culture plate and placed 500 ml serum-free medium in the outer chamber of the insert. Plates were incubated at 37°C for 24 h. The cells that had migrated through to the lower surface of the ECM layer were stained with 1% crystal violet and dissolved in 2% deoxycholic acid. Cells were quantified based on the absorbance measured at 595 nm. Each experiment was performed in triplicate.
Immunofluorescence Staining
U251 and U87 short hairpin GluR1 (shGluR1), GluR1-overexpressing, and control cells were plated on glass slides in six-well culture plates at a concentration of 2 3 10 5 cells per well for 24 h. Cells were fixed with a 3.7% formaldehyde solution in PBS and then permeabilized with 1.0% Triton X-100 in PBS. Primary antibodies were as follows: anti-GluR1 antibodies (clone C3T; Millipore, Billerica, MA, USA), anti-band 4.1B antibodies (courtesy of I. Newsham), and anti-b1 integrin antibodies (Chemicon). FITC-conjugated antimouse antibody (Santa Cruz instructions. Stable cell lines overexpressing GluR1 were derived from individually selected clones propagated under selection pressure with G418 (Invitrogen). Cells transfected with empty vector were used as control. Expression levels of GluR1 and GluR4 were determined by quantitative RT-PCR and Western blot analysis.
Western Blot Analysis
Cells in culture were harvested and homogenized by sonication in ice-cold lysis buffer (50 mM Tris-HCl [pH 7.5], 0.1% sodium dodecyl sulfate [SDS], 150 mM sodium chloride, 1% Triton X-100, 1 mM dithiothreitol, proteinase inhibitor cocktail [Sigma], 0.5 mM EDTA, 100 mM sodium orthovanadate, 100 mM sodium pyrophosphate, and 1 mM sodium fluoride). Protein concentrations were determined against control bovine serum albumin levels using a Bio-Rad (Hercules, CA, USA) protein assay kit. Aliquots of protein were separated using SDS-polyacrylamide gel electrophoresis (PAGE) on 8%-12% gels. Proteins were transferred by electroblotting to polyvinylidene fluoride membranes. Blots were blocked with 5% nonfat dry milk in 50 mM phosphate-buffered saline (PBS) containing 0.1% Tween-20 at room temperature and incubated overnight at 4°C with primary antibodies to GluR1 and GluR4 (Upstate, Billerica, MA, USA), a5 and b1 integrin (Chemicon, Billerica, MA, USA), phosphorylated FAK (FAK-Y397; Cell Signaling, Danvers, MA, USA), and actin (Calbiochem, Gibbstown, NJ, USA). The blots were then washed and incubated for 1 h with horseradish peroxidaseconjugated secondary antibody, and immunoreactive proteins were detected by enhanced chemiluminescence (BioRad). Western blots were digitized and quantified using the ImageJ software version 1.41 for Windows (http:// rsb.info.nih.gov/ij).
Immunoprecipitation
Cells were harvested, homogenized by sonication in ice-cold lysis buffer, and centrifuged. Protein concentrations were determined, and equal concentrations of protein were incubated with 1 mg of primary antibody to GluR1 (Chemicon, Temecula, CA, USA) or b1 integrin overnight at 4°C. Protein A/G-conjugated agarose (Pierce Biotechnology, Rockford, IL, USA) was added to each mixture, which was then incubated for 1-2 h at 4°C. Beads were washed three times with lysis buffer and boiled for 5 min in b-mercaptoethanol-containing loading buffer, and the supernatant was separated by SDS-PAGE.
GTPase Activity Assay
To confirm the presence of lamellipodia in GluR1-overexpressing cell lines, we performed a guanosine triphosphate (GTP) molecular affinity pulldown assay to detect the active form of Rac1 (Rac1-GTP). Cells were incubated for 24 h in calcium and glutamate/glutaminefree medium and stimulated with 50 mM AMPA for 10 and 20 min. Rac1 activity was assessed by affinity isola-Biotechnology) was used as a secondary antibody for 1 h at room temperature. To determine FA number, we visualized paxillin by incubating the cells first with mouse antipaxillin monoclonal antibody (BD Biosciences) and then with Texas red-conjugated goat antibody to mouse IgG (Invitrogen). Actin filaments were stained with phalloidin conjugated with Alexa Fluor 488 (Invitrogen). Nuclei were stained with 5.0 ng/ml Hoescht 33258 for 15 min at room temperature. Images were captured under a Zeiss Axioskop 40 microscope equipped with the appropriate filters and aided by AxioVision 4.4 software (Carl Zeiss, Maple Grove, MN, USA).
Cell Adhesion and Deadhesion Assay
For the cell adhesion assay, wells of a 96-well tissue culture plate were coated by exposure to 10 mg/ml types I and IV collagen (BD Biosciences), fibronectin (Sigma), or vitronectin (Sigma) for 2 h at room temperature and blocked with 0.5% bovine serum albumin (heat inactivated at 80°C for 10 min) in PBS for 30 min at room temperature. Cells were detached with trypsin/EDTA and rinsed in serum-free medium. Approximately 1 3 10 5 cells were plated into the wells, and the plate was incubated at 37°C for 1 h. Wells were gently washed with PBS, and attached cells were fixed in 4% paraformaldehyde and stained with 0.5% crystal violet (Sigma) for 10 min. Cells were solubilized in 2% deoxycholic acid, and the absorbance of each well was read at 570 nm in a microplate reader (Molecular Devices, Sunnyvale, CA, USA). For the blocking experiments, cells were incubated with or without anti-b1 integrin antibody (10 mg/ ml, 6S6; Chemicon) for 10 min at 37°C, and cells were plated onto 96-well plates. For the deadhesion experiments, cells were stimulated with AMPA (Tocris Bioscience, Ellisville, MO, USA) at 50 and 100 mM for 10 min at 37°C prior to plating. Dioxobenzo[f ]quinoxaline-7-sulfonamide (NBQX; Tocris Bioscience) was used to inhibit the AMPAR. Cyclothiazide, an inhibitor of AMPAR desensitization, 31 was obtained from Tocris.
Intracranial Xenograft Animal Studies
U87 cells stably overexpressing GluR1 or empty vector control were grown and counted as described above. Viable cells (2 3 10 6 ) in 100 ml serum-containing medium were injected intracranially into 8-week-old female nude mice as previously described. 32 Animals were observed daily for signs of tumor growth and were euthanized 35 days after inoculation. The brains were removed, fixed in formalin, and then embedded in paraffin for sectioning. To examine the invasion of neoplastic cells into tissue located along blood vessels, we incubated paraffin-embedded sections with anti-factor VIII antibodies (Dako, Carpinteria, CA, USA) overnight at 4°C, and then with mouse secondary antibodies (Santa Cruz Biotechnology) for 1 h at room temperature. All animal protocols and procedures were performed in accordance with local, state, and federal laws and ethics guidelines and were approved by the M. D. Anderson Cancer Center Institutional Animal Care and Use Committee.
Statistical Analyses
In vitro data were analyzed using a two-tailed Student's t-test. Data were expressed as the mean 6 SD. The differences between control and experimental cell lines were determined using a two-tailed Student's t-test; p-values less than 0.05 were considered significant.
Results
AMPAR Expression Levels Correlate with In Vitro Transwell Migration
We 29 and others 17 have recently demonstrated abundant GluR1 and GluR4 AMPAR subunit expression on the leading edge of human glioblastoma specimens. 17 To examine the impact of AMPAR expression on glioma invasion, we overexpressed and knocked down the GluR1 subunit of the AMPAR in U251 glioma cells. Coimmunoprecipitation was performed to pull down GluR1 using anti-GluR1 antibodies. The Western blot was stripped and probed for GluR4. Densitometry analy sis of the Western blot (Fig. 1A) demonstrates a reduction of 60% and an increase of 80% in GluR1 levels compared to scrambled and vector controls in shGluR1 and GluR1-overexpressing U251 cells, respectively. Similar changes were obtained for levels of GluR4 as shown in Fig. 1A .
In a Matrigel transwell migration assay, we showed a direct correlation between GluR1 and GluR4 expression and the degree of glioma migration through the transwell. Representative photomicrographs show a significant increase in invasion of U251 cells overexpressing GluR1 in the assay (Fig. 1B) . Quantification of these results by dissolving transwell membranes in 2% deoxycholic acid and measuring the absorbance at 570 nm showed a statistically significant association between GluR1 expression level and the number of invading cells. GluR1 overexpression increased invasion by 46% in U251 cells, and shGluR1 induced a decrease in invasion by 35% compared to controls. Glioma cell migration was similarly inhibited by pretreating cells with the AMPAR inhibitor NBQX. Nonsilencing shRNA (scrambled) and pcDNA vector controls had similar degrees of invasion (data not shown). These results suggest that AMPAR expression plays a role in tumor invasion and led us to explore the potential mechanisms for this effect.
AMPAR Expression Alters Glioma Cell Morphology
Because of the differences in cell migration, we first evaluated changes in cell morphology. We observed marked changes in the shape of glioma cells depending on the level of GluR1 expression. Staining of F-actin and paxillin showed a marked increase in actin polymerization along with membrane ruffling and the formation of structures similar to lamellipodia or FAs in cells overexpressing GluR1 (Fig. 2A ). There were significantly more FA complexes along the edges of the cells overexpressing GluR1 than in control cells, and actin and paxillin colocalized along this edge. Overexpressing cells also had significantly more polarity compared to glioma cells with knockdown of GluR1, which appeared more rounded (Fig. 2A) . Immunostaining for GluR1 and paxillin revealed that GluR1 was localized to these FAs (Fig. 2B) , suggesting this receptor may be important in FA formation or for FA components interacting with other proteins. We counted the number of cells with observable FAs and confirmed that a significantly higher percentage of cells overexpressing GluR1 had FAs compared to vector and scrambled shRNA controls (Fig.   2C ). Scrambled shRNA and vector controls were similar in appearance and had similar numbers of FAs (Fig. 2C) . Based on these observations, we hypothesized that cells overexpressing GluR1 may have a greater affinity for binding to the ECM.
GluR1 Expression Enhances Glioma Adhesion to the ECM via b1 Integrin Surface Expression
The effect of GluR1 expression on glioma cell adhesion to the ECM was first analyzed by measuring the binding of U251 and U87 cells to different components of the ECM. We showed that expression of GluR1 significantly correlated with binding of both U251 and U87 cells to type I and type IV collagen but not to vitronectin or fibronectin compared to controls. In U251 cells, shGluR1 cells adhered 45% less than did control cells to type I collagen, whereas GluR1-overexpressing cells were 45% more adhesive than were controls (Fig. 3A) . In U87 cells, shGluR1 were 35% less adhesive to type I collagen than were controls, while GluR1-overexpressing cells were 30% more adhesive (Fig. 3B) .
Because b1 integrins may be important for AMPAR function in normal neurons 33 and are thought to be important in glioma, 4 we hypothesized that b1 integrin may mediate GluR1-enhanced cell adhesion to the ECM. To determine the effect of b1 integrin on cell adhesion, we performed these experiments in the presence of b1 integrin-blocking antibodies. As shown in Fig. 3C , stable GluR1 overexpression increased adhesion of U87 and U251 cells to type I collagen and was effectively blocked with anti-b1 integrin antibodies, suggesting adhesion is at least partly mediated by this integrin. No changes in adhesion were seen using blocking antibodies to a5, avb3, or avb5 antibodies (data not shown).
Glutamate stimulation of the AMPAR has been shown to increase precursor cell migration in the developing nervous system. 22 Because a cycle of cell attachment and detachment to underlying ECM via integrins is essential for cell migration, 10 we examined the possibility that AMPAR activation enhances glioma cell invasion by modulating cell detachment from the ECM. We tested the effect of increasing AMPA concentrations on attachment of glioma cells to type I collagen. As shown in Fig. 3D , AMPAR stimulation reduced adhesion to collagen in U251 and U87 cell lines in a dose-dependent manner. Combined treatment with AMPA and the AMPAR desensitization inhibitor cyclothiazine further enhanced glioma detachment from the ECM. Cell detachment was associated with morphologic changes, such as retraction of FAs and directional cellular movement (data not shown). Thus, AMPAR overexpression enhances glioma adhesion to the ECM whereas receptor stimulation decreases cell attachment, linking these potentially important mechanisms underlying glioma invasion.
We next studied whether GluR1 levels altered the expression of b1 integrin by performing Western blotting and fluorescence-activated cell sorting analyses. Evaluation of b1 integrin expression levels in cells underand overexpressing GluR1 revealed that, although total b1 integrin levels were unchanged (Fig. 4A) , there was an increase in the apparent molecular weight of b1 integrin from the 105-kDa (incompletely glycosylated) form in the shGluR1 cells to the 125-kDa (p125; completely glycosylated) form in cells overexpressing GluR1. The 125-kDa b1 integrin is able to mediate cellular adhesion and induce signaling due to its surface localization.
34-36
To confirm the increase in surface expression of b1 integrin in cells overexpressing GluR1, we performed flow cytometry following incubation with b1 integrin antibodies. Fig. 4B shows a significant increase in the level of surface b1 integrin in cells overexpressing GluR1 compared to vector controls. A nonsignificant decrease was observed in shGluR1 cells compared to scrambled controls. These results suggest that AMPAR expression leads to increased surface expression of b1 integrin. To examine the potential association between GluR1 and b1 integrin, we performed immunoprecipitation and immunofluorescence studies. In Fig. 4C , anti-GluR1 antibodies were able to pull down band 4.1B, as might be expected given the known association between band 4.1N and GluR1. 37 Interestingly, we were able to show that b1 integrin was able to immunoprecipitate band 4.1B, which suggests that an indirect association may exist between GluR1 and b1 integrin. To further examine this potential association, we performed colocalization studies that demonstrated strong overlap between band 4.1B and b1 integrin. Although there was little overlap, staining showed a very close approximation of b1 integrin with GluR1 within FAs (Fig. 4D) , suggesting that there may be an interaction between these two proteins possibly being mediated through band 4.1B.
GluR1 Mediates FAK Phosphorylation and Downstream Rac1 Activation
In addition to modulating adhesion, engagement of integrins promotes the formation of signaling complexes that regulate F-actin dynamics. FAK colocalizes with integrins at FAs, where integrin binding results in FAK activation. 3 Using shGluR1, control, and GluR1-overexpressing cell lines, we examined autophosphorylation of FAK at tyrosine 397 using Western blot analysis. Cells overexpressing GluR1 had significantly higher levels of phosphorylated FAK (FAK-Y397) than did vector and scrambled control and shGluR1 cells, as demonstrated by the upward shift of the band on the Western blot (Fig. 5A) . Stimulation of the AMPAR did not further alter FAK phosphorylation levels.
Integrins regulate the activity of GTPases, such as Rac1, which in turn can regulate cell adhesion, changes in cell morphology, and cell motility by regulating actin cytoskeletal dynamics. We assayed for the activity of Rac1 in cells with high and low GluR1 expression. Overexpression of GluR1 did not change baseline Rac1 levels (data not shown). However, after AMPAR stimulation, Rac1 activity showed a time-dependent increase, which reached a maximum at 20 min after stimulation (Fig.  5B ) in both GluR1-overexpressing cells and scrambled controls. Densitometry confirmed a significant increase in Rac1 activity following stimulation with AMPA, which was blocked in cells with knockdown of GluR1   Fig. 4 . Overexpression of glutamate receptor type 1 (GluR1) in glioma cell lines increases the level of surface b1 integrin. (A) Cell lysates from GluR1 glioma clones were subjected to Western blotting with anti-b1 integrin antibodies. Cells overexpressing GluR1 (Over GluR1) had higher-molecular-weight b1 integrin bands, corresponding to integrin glycosylation. shGluR1, short hairpin GluR1. (B) expression of surface b1 integrin was determined by flow cytometric analysis. shGluR1, short hairpin GluR1. (C) GluR1, band 4.1 (4.1B), and b1 integrin associate in U251 glioma cells. Anti-GluR1 or anti-b1 integrin antibodies were used for immunoprecipitation (IP). Immunoprecipitated complexes were loaded onto gels, and Western blots were performed using 4.1B antibodies. Isotype immunoglobulin G (IgG) was used as negative control. (D) Band 4.1B and b1 integrin show colocalization at focal adhesions using immunofluorescence. Although b1 integrin and GluR1 do not show significant overlap, they both localize to focal adhesions in close proximity.
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Overexpression of GluR1 Enhances Glioma Invasion In Vivo
To more adequately evaluate the phenotypic effect of GluR1 overexpression on glioma invasion, we performed an intracranial glioma xenograft experiment. Normally, U87 cells inoculated into the brain of nude mice grow as a noninvasive solid tumor mass (ball-like), 32 without any invasion of tumor into the normal brain (Fig. 6A) . We implanted U87 cells stably overexpressing GluR1 into the brains of nude mice and followed the mice over time. After approximately 4 weeks, the animals were euthanized and the brains removed for evaluation. GluR1 shows subpial invasion (Fig. 6B , black arrow) and extensive perivascular invasion (Fig. 6B, white arrows) . Injection of glioma cells with knockdown on GluR1 (shGluR1) did not reliably establish intracranial tumors, consistent with the decrease in cell proliferation and decrease in tumorigenicity established previously (data not shown). 29 Immunohistochemical staining of tumor specimens with factor VIII for endothelial basement membrane shows tumor cells migrating along endothelial cells (Fig. 6C) . These results confirm the in vitro experiments suggesting that GluR1 expression enhances glioma cell adhesion to ECM components such as collagen, which are prominent components of the endothelial basement membrane 25 and the meningeal surfaces, 26, 27 and support the notion that this interaction leads to enhanced tumor invasion in vivo.
Discussion
On the basis of our findings, we conclude that glutamate and the highly expressed AMPAR may activate glioma migration through interactions with the ECM. Glutamate has been shown to enhance the migration of progenitor cells during CNS development, 21,22 and glutamate-mediated autocrine stimulation of cellular migration was recently shown to be important for glioma invasion via induction of intracellular calcium oscillations. 18 Here, we showed that increasing the expression of GluR1, the most abundant subunit of the AMPAR, resulted in enhanced glioma adhesion to ECM components and increased tumor cell migration in vitro. The enhanced adhesion was mediated via increased surface expression of b1 integrin and subsequent activation of FAK, whereas detachment may be mediated through Rac1. Finally, we showed that these effects led to increased invasion in vivo, where overexpression of the AMPAR led to perivascular and subpial tumor invasion, similar to the invasive patterns seen in human glioblastoma specimens as illustrated in 1938 by Scherer, 1,38 who described multiple patterns of invasion of glioblastoma into brain parenchyma. These data provide further support for the mechanism by which glutamate promotes glioma invasion (Fig. 7) .
The impact of GluR1 overexpression on levels of surface b1 integrin provides important mechanistic data for how glutamate may stimulate tumor migration and invasion. Integrins are critical for cell migration and invasion because they mediate cell-ECM interactions and regulate signaling pathways that control cytoskeletal organization. 3 Gliomas are known to express multiple integrins, including the collagen receptor (a2b1), laminin receptor (a3b1), fibronectin receptor (a5b1), and vitronectin receptor (avb3), 39, 40 which mediate their binding to ECM proteins. Although other integrins may be involved in GluR1-enhanced adhesion to the ECM, our results support the central role of b1 integrin in this process. b1 integrin is known to be an important receptor in glioma 4 and is critical for mediating cell adhesion and regulation of adhesion-mediated signaling to Rac1. 41 In our experiments, we showed that increased b1 integrin surface expression leads to downstream activation of Rac1, which then induces the formation of lamellipodia, which are required for cell spreading. 42 Furthermore, Rac1 has been shown to mediate collagendependent matrix metalloproteinase activation, 43 an important contributor to tumor invasion in vivo. In our experiments, Rac1 activation confirmed the presence of lamellipodia in GluR1-overexpressing cells as demonstrated on immunofluorescence imaging. Interestingly, an association between b1 integrin and GluR1 has been found to be important for normal neuronal function, 33 and glutamate can increase integrin surface expression levels in neurons, 44 enhancing learning and memory. In a similar way, glioma cells exploit glutamate contained in the brain and AMPAR expression to enhance binding to the ECM and promote their invasive phenotype.
Ion channels can anchor the cytoskeleton via binding to members of the band 4.1 proteins (4.1/ezrin/ radixin/moesin [FERM] protein family). This anchoring provides structural stability, flexibility, and cellular polarity. 45 FERM proteins bind F-actin to affect actincytoskeletal turnover and, hence, the maintenance of cell shape and motility. 46 Band 4.1B is an important membrane cytoskeleton component that is concentrated at the axonal paranode and juxtaparanode regions in neurons, where it restricts adhesion molecules and ion transport proteins to specialized domains of the plasma membrane. 47 AMPARs were previously known to bind to the cytoskeletal-linker protein band 4.1N (neurontype), 37 and we showed an association between GluR1 and band 4.1B, which is able to bind to both spectrin and actin (whereas 4.1N is not). 48 Our current finding of the association between AMPAR expression and cellular polarity in the context of the observed increase in migration extends our understanding of the potential role of AMPARs in tumor invasion.
One mechanism that may account for the observed increase in cellular movement may be related to the accumulation of AMPARs at FAs and a potential indirect interaction with integrins. AMPAR expression was highly concentrated in regions of FA formation. We showed that GluR1 associates with b1 integrin, possibly through an interaction with band 4.1B via the highly conserved region of the integrin C-terminal domain. 49 Taken together, these data suggest that AMPARs can act as membrane-associated cytoskeleton anchors and thus may provide anchors for localized signaling complexes at FAs.
Several mechanisms may be involved in AMPAR modulation of glioma migration, with the most obvious being an increase in cell adhesion to the ECM following AMPAR overexpression. However, we also showed that AMPAR agonist treatment leads to cellular detachment. This detachment may play a role in glioma cell migration. Calcium signaling is important for cell migration, and AMPARs on glioma are known to be calcium permeable. Giannone et al. 19 showed that cell movement and FA disassembly are temporally associated with calcium spikes in U87 glioma cells. Furthermore, AMPARs were recently found to mediate calcium oscillations in glioma cells, which affected tumor cell migration. 18 Our results build upon these findings, as we have demonstrated the impact of AMPAR expression and stimulation on signaling: AMPARs localized to FAs may amplify local signals via integrin engagement and calcium influx through the AMPAR, leading to cell motility.
In addition to mediating adhesion, integrin engagement promotes the formation of signaling complexes that regulate F-actin accumulation. FAK colocalizes with integrins at FAs, where integrin binding results in FAK activation, 3 a process that has been implicated in glioma invasion. 9 We observed a baseline increase in FAK activation in cells overexpressing GluR1 compared to control and shGluR1 cells. This finding suggests that overexpression of GluR1 can activate FAK independent of whether the AMPAR is activated. The mechanism through which GluR1 expression can increase FAK activation is unknown, but it may be related to FERM protein or integrin engagement. FERM domain proteins directly interact with the central region of FAK to inhibit its kinase activity. With FA formation, FERM proteins shift their association to higher affinity binding with the cytoplasmic tails of integrins or other integrin-associated proteins, resulting in the release of autoinhibition and subsequent FAK autophosphorylation at Tyr397. [50] [51] [52] This baseline increase in FAK activation may lead to augmentation and targeting of Rac1. 53, 54 Several patterns of glioma cell invasion are not explained by the overexpression of GluR1. For example, tumor cell invasion into neuropil and invasion of tumor cells along white matter tracts were not demonstrated in our in vivo model, which has little or no brain invasion at baseline. This may be due to the limitations of a noninvasive xenograft model, but it may also reflect different mechanisms utilized by tumor cells to invade into normal brain. GluR1 overexpression resulted in significantly more tumor invasion and demonstrated several of the classic secondary structures described by Scherer, 1, 38 including perivascular growth around preexisting vessels and subpial spread. In human glioblastoma, it is likely that many mechanisms of tumor invasion occur simultaneously to promote the profound tumor invasion seen in this disease (reviewed in Hoelzinger et al. 55 ). In summary, glioma cells express AMPARs that clearly affect tumor cell migration and invasion. Collectively, our results suggest that glutamate could act as an autocrine or paracrine chemoattractant, stimulating glioma cell migration along perivascular and subpial spaces. Our data support the hypothesis that AMPARs play a role in regulating glioma migration and invasion. A better understanding of the mechanisms driving glioma invasion are critical. For example, new anti-vascular endothelial growth factor therapies have recently been shown to increase perivascular tumor spread in glioblastoma. 56, 57 Drugs that target the AMPAR may be useful in combination with antiangiogenic agents to block this mechanism of tumor invasion.
